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ABSTRACT In this study, the role of cytoskeleton in HL-60 deformability during the cell cycle was investigated. G1, S, and
G2/M cell fractions were separated by centrifugal elutriation. Cell deformability was evaluated by pipette aspiration. Tested
at the same aspiration pressures, S cells were found to be less deformable than G1 cells. Moreover, HL-60 cells exhibited
power-law fluid behavior: ,u = ,c(yn,Iyc) b where ,u is cytoplasmic viscosity, Ym is mean shear rate, p.c is the characteristic
viscosity at the characteristic shear rate yc, and b is a material constant. At a given shear rate, S cells (tLc = 276 + 14 Pa-s,
b = 0.51 + 0.03) were more viscous than G, cells (,uc = 197 + 25, b = 0.53 ± 0.02). To evaluate the relative importance of
different cytoskeletal components in these cell cycle-dependent properties, HL-60 cells were treated with 30 ,uM dihydro-
cytochalasin B (DHB) to disrupt F-actin or 100 p.M colchicine to collapse microtubules. DHB dramatically softened both G1
and S cells, which reduced the material constants p.c by -65% and b by 20-30%. Colchicine had a limited effect on G1 cells
but significantly reduced A.c of S cells (-25%). Thus, F-actin plays the predominate role in determining cell mechanical
properties, but disruption of microtubules may also influence the behavior of proliferating cells in a cell cycle-dependent
fashion.
INTRODUCTION
Leukocytes in the bloodstream are few in number in com-
parison to red blood cells, but they significantly influence
blood flow and oxygen delivery in the microvasculature
because of their large volume and low deformability. In-
creasing evidence has shown that mechanical deformability
of leukocytes plays an important role in cell retention in the
capillaries (Erzurum et al., 1992; Harris and Skalak, 1993;
Worthen et al., 1989), which occurs in ischemia and
reperfusion, or before tissue injury. Under pathological con-
ditions, such as in most cases of chronic myelogenous
leukemia and acute myeloid leukemia, the circulating con-
centration of leukocytes is elevated, by as much as 10- to
100-fold (Chervenick and Boggs, 1968; Clarkson and Strife,
1991; Galbraith and Abu-Zahra, 1972; Mauer and Jarrold,
1963), and a large fraction of immature leukocytes (20-
50%) may be found in the peripheral blood. Early studies
indicate that the immature leukemic cells were markedly
more rigid than their mature counterparts (Lichtman and
Kearney, 1976). These cells are believed to impair micro-
circulation to the eye, the central nervous system, or the
lungs, hence causing deleterious effects to the organs in-
volved (Lichtman, 1984). Therefore, our understanding of
leukocyte deformability is an important aspect for under-
standing the pathophysiology of such diseases and devel-
oping rational therapeutic strategies.
HL-60 is a human leukemic cell line with characteristics
similar to those of promyeloblasts and promyelocytes (Col-
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lins et al., 1977). Since the establishment of the HL-60 cell
line, it has been widely used to investigate the cellular and
molecular biology of leukocyte proliferation and differen-
tiation (Collins, 1987). In this study, we used the HL-60 cell
as a model system to characterize the mechanical behavior
of immature leukemic leukocytes and to assess their poten-
tial to impair the microcirculation. In particular, we quan-
titatively measured the deformability of HL-60 cells and the
influence of the cytoskeleton in cellular mechanical prop-
erties during cell proliferation. Ultimately this study will
give us a fundamental understanding of how leukocytes
behave in the microvasculature, and shed new light on how




The HL-60 cell line was obtained from the American Type Culture Col-
lection (Bethesda, MD). Cells were grown in a suspension of RPMI 1640
(Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS) (HyClone, Logan, UT) and maintained at 37°C with 5% CO2 and
100% humidity. Cells were grown at an initial concentration of 2-3 X 105
cells/ml and passaged twice each week. HL-60 cells in the exponential
growth phase were fractionated by centrifugal elutriation and subjected to
micromechanical measurements.
Cell elutriation
The procedures for obtaining relatively homogeneous populations of GJ
GI, S, and G2/M cells by centrifugal elutriation have been described in
detail previously (Keng et al., 1980; Palis et al., 1988). Briefly, 1-2 X 108
HL-60 cells in exponential growth were centrifuged and collected into 20
ml of fresh RPMI 1640, then loaded into the Sanderson separation chamber
of the Beckman JE6 elutriator system (Beckman Instruments, Palo Alto,
CA) at a rotor speed of 3200 rpm and a fluid flow rate of 32 ml/min. After
a 200-ml sample was collected, the rotor speed was decreased in small
steps (50-200 rpm) to 2000 rpm and a series of 50-ml fractions were
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collected at each rotor speed. The separation procedures were performed
under sterile conditions at 4°C to minimize the cell cycle progression. Cells
in each fraction were counted and their volume distributions were mea-
sured immediately using a Coulter counter and channelyzer system (model
clO0; Coulter Electronics, Hialeah, FL).
Flow cytometry
The homogeneity of each elutriated fraction was analyzed by flow cytom-
etry. About 1 X 106 cells from each fraction were fixed in 3 ml of 75%
ethyl alcohol and stored at 4°C over 24 h. These cells were then incubated
in 1 ml of 1 mg/ml RNase at room temperature for 30 min and stained with
1 ml of 10 ,ug/ml propidium iodide (Molecular Probes, Eugene, OR) for
DNA analysis on an Epics Profile flow cytometer (Coulter Electronics).
DNA histograms were analyzed according to the mathematical model of
Fried et al. (1976). The relationship between cell volume and cell cycle
positions was determined according to the method of Brosing et al. (1986).
Coichicine and DHB treatments
HL-60 cells were treated either with 100 pzM colchicine to collapse the
microtubules or with 30 ,M dihydrocytochalasin B (DHB) to disrupt
F-actin. Colchicine and DHB were purchased from Sigma Chemical (St.
Louis, MO). DHB was dissolved in dimethyl sulfoxide into 6 mM stock
solution and was kept frozen at -20°C. Colchicine was dissolved in
distilled water into 100 mM stock and kept at 4°C. When used for
experiments, the stock solutions were diluted with fresh phosphate-buff-
ered saline without Ca2+ and Mg2+ (PBS) (Whittaker Bioproducts, Walk-
ersville, MD) to twice the desired concentrations. A 1:1 (v/v) dilution with
the cell suspension yielded the desired drug concentrations. Micromechani-
cal measurements were made 15 min after cells were exposed to the
reagents and were finished within 90 min.
Micromechanical measurements
Details of cell micromanipulation and micromechanical measurements
have been described elsewhere (Tsai et al., 1993). Briefly, HL-60 cells
were suspended in PBS at a concentration of 5 X I05 cells/ml and
supplemented with 5% FBS. The suspension was placed in a U-shaped
microchamber with a cavity of 10 mm X 20 mm X 3 mm. A micropipette
was inserted from the open side into the chamber, and a negative aspiration
pressure was generated by displacing a hydraulic reservoir. The pressure
was measured to an accuracy of 5 Pa (0.05 cm H20). Single cells in their
resting (passive) state were chosen and aspirated into micropipettes at a
series of fixed suction pressures ranging from 0.3 to 1.5 kPa (3.0-15.0 cm
H20). Different-sized pipettes were used so that the geometry of deforma-
tion (i.e., the ratio between cell and pipette radii) was the same for all cell
subpopulations (Fig. 1). HL-60 cytoplasmic viscosity and the mean shear
rate during cell entry were calculated based on a numerical analysis of the
cell entry into a micropipette (Tsai et al., 1993).
RESULTS
Cell elutriation and flow cytometry
Exponentially growing HL-60 cells were separated, as de-
scribed in Materials and Methods, into fractions based on
their difference in cell size. Shown in Fig. 2 is the typical
cell volume distribution of three populations of HL-60 cells
(G1, S, G2/M) separated by centrifugal elutriation. DNA
histograms for these cell populations were analyzed by flow
cytometry. The results are shown in Table 1. The results
indicate that enriched G, (>95%) and S (>75%) cells can
be obtained by the centrifugal elutriation. These cell sub-
populations were used to make micromechanical measure-
ments. During the micromechanical experiments on the "S"
cell fraction, cells with large volumes were chosen on a
single-cell basis to improve the likelihood that the sampled
cell population consisted exclusively of cells in the S phase.
Cell cycle dependence of HL-60 cell deformability
Shown in Fig. 3 and Table 2 are results from a typical
micromechanical experiment of HL-60 cells in G, and S
phases when tested at a series of aspiration pressures rang-
ing from 0.5 to 1.3 kPa. In this particular experiment,
cytoplasmic viscosity of HL-60 cells was found to range
from 350 to 127 Pa-s in S phase and from 207 to 71 Pa-s in
G1 phase. In some other experiments, HL-60 cytoplasmic
viscosity was measured as high as 500 Pa-s for cells in the
S phase when tested at a lower aspiration pressure, 0.3 kPa.
It is shown clearly that the mechanical properties of HL-60
cells are cell cycle dependent. HL-60 cells in S phase are
markedly more viscous than those in the GI phase of the cell
cycle when compared at the same aspiration pressures. A
pooled t-test was performed using DataDesk (Odesta,
Northbrook, IL). A significant difference was found be-
tween G, and S populations when compared at the same
aspiration pressures (Table 2). G2/M cells in turn were
found to be much more viscous than the S cells. The
FIGURE 1 Video micrograph of
HL-60 cells in G1 and S phases en-
tering different-sized micropipettes in
response to a stepwise aspiration
pressure. (a-d) Video sequence of a
G, cell entering a 6.5-,um pipette;
(e-h) video sequence of an S cell
entering a 7.3-,um pipette. The ratios
of cell diameter to pipette size for G1
and S cells are the same, - 1.75. Mag-
nification is the same for all figures.
Bar = 10 ,um.
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FIGURE 2 The cell volume distribution of HL-60 cells measured by
Coulter counter and channelyzer system. (I) HL-60 cells before separation
by centrifugal elutriation. (II, III, IV) the three populations (G,, S, and
G2/M) of HL-60 cells selected from the fractions obtained by centrifugal
elutriation of the cells shown in I. The average volume of G1 cells is 796
,um3 (11.5 ,tm in diameter) and the mean volume of S cells is 1150 ,um3
(13.0 ,m).
cytoplasmic viscosity of G2/M cells was found to be 10- to
100-fold greater than that of S cells at the same aspiration
pressures. For instance, the viscosity of G2 cells was mea-
sured to be 4010 ± 756 Pa-s (n = 13) at an aspiration
pressure of 0.9 kPa. Frequently, the G2/M cells could not
complete the entry into the pipette at all. Observed under the
microscope, it appeared that cell entry was limited by avail-
ability of excess surface area of the cell membrane. There
was no evidence of adhesion between the cells and the
pipette when a non-entering cell was released from the
pipette, and when very large aspiration pressures were ap-
plied to some cells, lysis was observed. Because of these
difficulties, we focused our effort on the differences be-
tween GI and S cells.
Shear thinning of cytoplasmic viscosity
It is also evident in Fig. 3 and Table 2 that HL-60 cytoplas-
mic viscosity depends strongly on the aspiration pressure,
that is, the cytoplasm behaves as a non-Newtonian fluid.
Shown in Fig. 4 is the cytoplasmic viscosity as a function of
the mean shear rate during cell entry in logarithmic scale.
Both groups of cells exhibited shear-thinning behavior, i.e.,
the apparent viscosity decreased with increasing shear rate,
as has been observed for normal neutrophils. The shear rate
TABLE I Cell cycle distribution of HL-60 cells based on DNA
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FIGURE 3 HL-60 cell cytoplasmic viscosity as a function of aspiration
pressure. The apparent viscosity varies from 350 to 127 Pa-s for S cells and
207 to 71 Pass for G, cells when tested at a series of aspiration pressures
ranging from 0.5 to 1.3 kPa (5.0 to 13.0 cm H20). It is shown that HL-60
cells in G1 phase are more deformable than those in S phase when tested
at the same aspiration pressure.
dependence of the cytoplasmic viscosity can be approxi-
mated as that of a power-law fluid (Tsai et al., 1993):
c YM />YC)
where ,u is the cytoplasmic viscosity, Ym is mean shear rate
during cell entry, j.c is the characteristic viscosity at the
characteristic shear rate Yc, and b is a material coefficient.
The material constants for HL-60 cells in G1 and S phases
of the cell cycle are summarized in Table 3. When yc is set
to 1 s-1, c = 197 ± 25 Pas and b = 0.53 ± 0.02 for G1
cells, and ic = 276 ± 14 Pa-s and b = 0.51 ± 0.03 for S
cells. These results indicate that at the same shear rate,
HL-60 cells in the S phase of the cell cycle are more viscous
than those in G1 phase. When compared at the same shear
rate, HL-60 cells, even in G1 phase, are less deformable than
normal neutrophils (,uc = 130 + 23 Pa-s, b = 0.52 + 0.09)
(Tsai et al., 1993).
TABLE 2 A comparison between values of G1 and S cell




Ap (kPa) G1 cells S cells Pooled t-test
0.5 207 ± 25 350 ± 87 p < 0.05
0.7 134 ± 11 267 ± 50 p < 0.01
0.9 114± 10 180±20 p<0.01
1.1 90±6 145 ± 13 p < 0.01
1.3 71 ±8 127±20 p<0.01







Cell population G, cells (%) S cells (%) G2/M cells (%)
Unseparated 58 29 13
G1 enriched 96 4 0
S enriched 24 76 0
400J
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FIGURE 4 HL-60 cytoplasmic viscosity as a function of the mean shear
rate in logarithmic scale. Each data point represents the mean of 15-20
cells at a given aspiration pressure, and the vertical and horizontal bars are
the SDs. Generally, HL-60 cytoplasmic viscosity and the mean shear rate
follow a power-law relationship. It is evident that at a given shear rate, S
cells (dotted-dash line with closed triangles) are more viscous than G1 cells
(solid line with closed circles), which in turn are more viscous than their
mature counterpart, the neutrophil (dashed line).
Effect of DHB and coichicine
To gain insight into the role that different components of the
cytoskeleton play in the cell cycle dependence of HL-60 cell
mechanical properties, G1 and S cells were treated with 30
,uM dihydrocytochalasin B (DHB) to disrupt F-actin (mi-
crofilaments) or 100 ,uM colchicine to depolymerize the
microtubules. Shown in Fig. 5 are the effects of colchicine
and DHB on cytoplasmic viscosities of G1 and S cells from
a typical experiment. Summarized in Tables 4 and 5 are the
results from triplicate experiments. When compared at the
same aspiration pressures, both reagents significantly soft-
ened HL-60 cells at both G1 and S phases of the cell cycle
(Fig. 5). DHB had a more dramatic effect than colchicine.
DHB reduced the cytoplasmic viscosity of both GI and S
cells by as much as 60-85% (Tables 4 and 5). It is inter-
esting that colchicine had different effects on GI and S cells,
which reduced the cytoplasmic viscosity of S cells by 35-
TABLE 3 Material constants of HL-60 cells and neutrophils
based on the power-law fluid model
Cell group 1k (Pa s)* b
HL-60 S cells 276 ± 14 0.51 ± 0.03
HL-60 G1 cells 197 ± 25 0.53 ± 0.02
Neutrophilst 130 ± 23 0.52 ± 0.09
Mean ± SD (n = 11).
*The value of gr was determined when I 1 s-.
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FIGURE 5 Effect of colchicine and dihydrocytochalasin B on cytoplas-
mic viscosity of G1 (a) and S (b) HL-60 cells at different aspiration
pressures. The solid line with filled circles represents untreated cells. The
long dashed line with open circles shows cells treated with 100 IuM
colchicine. The dotted line with closed triangles indicates cells treated with
30 ,.uM DHB. Both reagents significantly softened G1 and S cells, com-
pared at the same aspiration pressure.
45% (Table 5), but reduced the viscosity of G, cells only by
20-25% (Table 4).
The effects of colchicine and DHB on the shear rate
dependence of HL-60 cells are shown in Fig. 6. The results
from the triplicate experiments are summarized in Table 6.
DHB dramatically reduced the characteristic viscosity of
both GI and S cells by 60-65%. It also significantly de-
creased the shear rate dependence of both G1 (-29%) and
S cells (- 17%). Colchicine, on the hand, had a very limited
effect on GI cells, but had a significant effect on the char-
acteristic viscosity of S cells (-25%), without a significant
effect on their shear rate dependence (Table 6).
DISCUSSION
Cell cycle dependence of cell mechanical
properties
Our results show that mechanical properties of proliferating
HL-60 cells were dependent on their position in the cell
cycle. These results are consistent with earlier reports by
Anderson et al. (1991) and Needham et al. (1991), who
documented that growing populations of hybridoma and
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Cell Cycle Dependence of HL-60 Cell Deformability
TABLE 4 Reduction of cytoplasmic viscosity by coichicine and DHB on G1 HL-60 cells at different aspiration pressures,
averaged from triplicate experiments
Control G1 cells 100 ,uM colchicine 30 ,LM DHB
(kPa) ,L (Pa s) A (%) ,ut (Pa s) A (%) ,u (Pa s) A (%)
0.3 182±99 - 115±34 -26± 1 37±25
-84±2
0.5 103±60 - 65± 17 -22±3 27±20
-76±5
0.7 78±40 - 50±25 -25±6 21 ± 17
-73±7
0.9 55±33 41 ±28 -22±3 21 ± 14
-65±8
1.3 39±24 28+ 17 -2±5 17± 11
-59±6
Mean ± SD.
transformed fibroblast cell lines were heterogeneous in size
and morphology and that their rheological properties were
cell cycle dependent. These earlier studies relied on mor-
phological criteria to select cells in different stages of the
cell cycle, whereas, in the present report, separate popula-
tions of cells were generated by centrifugal elutriation and
the stage in the cell cycle was verified by direct measure-
ment ofDNA content. In spite of these different approaches
for identifying cells in a specific stage of the cell cycle and
differences in the types of cells tested, all of the studies
indicate that cells in S and G2/M phases are intrinsically
more viscous than cells in the G1 phase.
It has been well documented in our earlier work (Tsai et
al., 1993, 1994) as well as in the current study that cellular
mechanical properties exhibit a strong dependence on de-
formation rate. Hochmuth and colleagues (1993) have indi-
cated that cellular properties may also depend on the mag-
nitude of deformation. These dependencies on cell size and
rate of deformation are particularly important when dealing
with heterogeneous cell populations, because differences in
the calculated viscosity that may result from differences in
the geometry of the cells might be erroneously interpreted
as differences in the intrinsic properties of the cells. To
avoid such complications, different-sized pipettes were used
so that the ratio of the mean cell diameter to the pipette
diameter was the same for both small (G1) and large (S)
cells, and the measurements were performed over a range of
aspiration pressures so that the rate dependence of the
cellular behavior could be assessed. Thus, the differences in
properties that we have observed reflect true differences in
intrinsic deformability and are not a consequence of differ-
ent conditions of measurement. It is also important to rec-
ognize that the shear rate dependence of the cytoplasmic
viscosity that has been observed is a real property of the
cells and not a consequence of the particular method of
calculation that was employed (Tsai et al., 1993). Although
the method of calculation does involve some approxima-
tions, this approach avoids overestimation of the difference
in properties between slowly deforming and rapidly deform-
ing cells that might otherwise occur.
Cytoskeleton and cell mechanical properties
Consistent with our previous work (Tsai et al., 1994), our
results show that cytoskeletally associated microfilaments
(F-actin) play the major role in determining the mechanical
properties of leukocytes. Weakening of the F-actin network
with 30 ,uM dihydrocytochalasin B dramatically reduces the
cytoplasmic viscosity of the proliferating HL-60 cells. This
finding is in good agreement with the results of cell poker
indentation experiments (Erzurum et al., 1991), in which it
was shown that disruption of F-actin can reduce HL-60 cell
relative rigidity by -67% (from 0.206 to 0.067 mdyne/,um).
In addition to documenting the important role of actin
filaments, the present study provides the first evidence that
the mechanical properties of the proliferating HL-60 cells
may be significantly influenced by the microtubules, and
furthermore, the effect of disrupting microtubules is cell
cycle dependent.
It has been reported in MRC-5 fibroblasts that the amount
of F-actin and tubulin in cells doubles from G1 to G2 phases
during the cell cycle (Leger et al., 1990). Inasmuch as the
cell volume also doubles as the cells grow from GI to G2, it
is not expected this increase in content would necessarily
result in an increase in rigidity, because the concentration of
TABLE 5 Reduction of cytoplasmic viscosity by colchicine and DHB on S HL-60 cells at different aspiration pressures,
averaged from triplicate experiments
AP Control S cells 100 ,uM colchicine 30 ,uM DHB
(kPa) ,t (Pa * s) A (%) ,u (Pa s) A (%) ,(Pa s) A (%)
0.3 318±64 192± 155 -39± 1 71 ±27 -77± 1
0.5 221 ± 88 115 ± 64 -44 ± 1 51 + 29 -77 ± 4
0.7 146 ± 57 86 ± 36 -38 ± 6 37 ± 17 -75 ± 4
0.9 108±48 - 67±26 -39±3 33± 18 -70±6
1.3 75±26 - 46± 18 -37±6 25±7 -67±5
Mean ± SD.
Tsai et al. 2027
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FIGURE 6 Effect of colchicine and DHB on G1 (a) and S (b) HL-60
cytoplasmic viscosity as a function of the mean shear rate during cell entry.
The solid line with closed circles represents untreated cells. The long
dashed line with open circles shows cells treated with 100 pM colchicine.
The dotted line with closed triangles indicates cells treated with 30 ,uM
DHB. DHB significantly reduces both characteristic viscosity and shear
rate dependence of G1 and S cells. Colchicine, on the other hand, has a
slight effect on G1 cells, but significantly reduces the characteristic vis-
cosity of S cells without any change in their dependence on shear rate.
actin filaments and microtubules remains relatively con-
stant. Thus, in addition to an increase in the amount of
cytoskeletal proteins, the increase in rigidity that we have
observed indicates that there must also be changes in the
organization and cross-linking of these proteins. It is also
possible that synthesis of DNA and reorganization of the
nucleus may contribute to the cell cycle dependence of
cellular mechanical properties. Further studies are needed to
investigate the precise nature of the changes in the cytoskel-
eton and other structural components of the cell that account
for the changes in cellular properties that we have observed.
Cellular deformability and leukocyte trafficking
It has long been thought that cellular deformability is one of
the factors that regulate leukocyte release from the bone
marrow through the endothelial sinus pores (Lichtman et al.,
1977, 1989). It has been shown that when leukemic cells
were arrested in S, G2, or M phase by cell cycle-specific
drugs, their emission from the marrow was inhibited
(Stryckmans et al., 1977). It was suggested that the G1 cells
are smaller and hence enter the blood more easily (Bacca-
rani and Killmann, 1972; Killmann et al., 1963). The
present results indicate that leukocytes in the S or G2/M
phase not only are larger in size, but also are intrinsically
more rigid than the cells in G1 phase. This effect is further
amplified by the fact that leukocyte cytoplasmic viscosity is
shear thinning, i.e., the more slowly leukocytes deform, the
more viscous the leukocyte cytoplasm is. These findings
provide further support for the view that the deformability
of leukocytes may serve as a factor that controls cell egress
from the bone marrow.
In the microcirculation, the diameter of the capillaries is
often considerably smaller than that of leukocytes (Folkow
and Neil, 1972). Thus, leukocytes must deform into a sau-
sage shape to traverse the capillaries. It has been shown in
vitro by Erzurum et al. (1991) that the stiffer the cells are,
the more the cells are trapped in capillary-sized micropores.
Under pathological conditions, such as in some cases of
human leukemia, immature leukocytes accumulate in the
blood in extraordinary concentration. These immature cells
are poorly deformable in comparison with their mature
counterparts (Fig. 4 and Table 3). This would contribute to
the obstruction of the flow in the microvasculature, as
clinically observed in hyperleukocytic leukemia (Lichtman
and Rowe, 1982). The present data also indicate that the
immature leukocytes at S or G2IM phase in the cell cycle
would have a much higher risk of impairing flow in the
microvasculature should they reach the peripheral circula-
tion.
CONCLUSION
Our results show that cellular deformability of proliferating
HL-60 cells depends on the cell cycle, and that cells in the
TABLE 6 Effects of colchicine and DHB on the material constant of G1 and S HL-60 cells, based on the power-law fluid model,
where iYC = I s-I
Drug G, cells S cells
treatment ,c (Pa-s) A (%) b A (%) lc (Pa-s) A (%) b A (%)
Control 197 + 25 0.53 + 0.02 276 ± 14 - 0.51 ± 0.03
Colchicine 185 ± 27 -6 ± 3 0.54 + 0.03 NS* 209 + 22 -24 + 4 0.51 ± 0.03 NS*
DHB 73 + 34 -64 ± 12 0.38 + 0.03 -29 + 8 105 + 7 -62 + 4 0.42 + 0.02 -17 + 9
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G1 phase are intrinsically more deformable than those in the
S phase, which in turn are more deformable than cells in the
G2/M phase. This study also supports the view that F-actin
plays the predominant role in determining leukocyte me-
chanical properties. Furthermore, it provides the first evi-
dence that microtubules may also have a significant influ-
ence on the mechanical properties of proliferating cells and
that the contribution from microtubules depends on the cell
cycle.
The authors would like to acknowledge the technical assistance of Yvette
Law for cell culture, Brenda Goodfriend for cell elutriation, Regina Harley
for flow cytometry and cell cycle analysis, Richard G. Bauserman for
micromechanical measurements, and Donna M. Brooks for data analysis.
This research project was partially supported by NIH grant HL-18208 and
a research fellowship from the American Heart Association.
REFERENCES
Anderson, K. W., W.-I. Li, J. Cezeaux, and S. Zimmer. 1991. In vitro
studies of deformation and adhesion properties of transformed cells. Cell
Biophys. 18:81-97.
Baccarani, M., and S. A. Killmann. 1972. Cytokinetic studies in chronic
myeloid leukaemia: evidence for early presence of abnormal myelo-
blasts. Scand. J. Haematol. 9:283-292.
Brosing, J. W., P. C. Keng, and R. T. Mulcahy. 1986. Survival character-
istics of normal differentiated rat thyroid cells maintained in vitro.
Radiat. Res. 105:138-146.
Chervenick, P. A., and D. R. Boggs. 1968. Granulocyte kinetics in chronic
myelocytic leukemia. Ser. Haematol. 1(3):24-37.
Clarkson, B., and A. Strife. 1991. Discordant maturation in chronic my-
elogenous leukemia. In Chronic Myelogenous Leukemia: Molecular
Approaches to Research and Therapy. A. B. Deisseroth and R. B.
Arlinghaus, editors. Marcel Dekker, New York. 3-90.
Collins, S. J. 1987. The HL-60 promyelocytic leukemia cell line: prolif-
eration, differentiation, and cellular oncogene expression. Blood. 70:
1233-1244.
Collins, S. J., R. C. Gallo, and R. E. Gallagher. 1977. Continuous growth
and differentiation of human myeloid leukaemic cells in suspension
culture. Nature. 270:347-349.
Erzurum, S. C., G. P. Downey, D. E. Doherty, B. Schwab, E. L. Elson, and
G. S. Worthen. 1992. Mechanisms of lipopolysaccharide-induced neu-
trophil retention. Relative contributions of adhesive and cellular me-
chanical properties. J. ImmunoL 149:154-162.
Erzurum, S. C., M. L. Kus, C. Bohse, E. L. Elson, and G. S. Worthen.
1991. Mechanical properties of HL60 cells: role of stimulation and
differentiation in retention in capillary-sized pores. Am. J. Respir. Cell
Mol. Bio. 5:230-241.
Folkow, B., and E. Neil. 1972. Circulation. Oxford University Press,
Oxford. 37.
Fried, J., A. G. Perez, and B. D. Clarkson. 1976. Flow cytofluorometric
analysis of cell cycle distributions using propidium iodide. Properties of
the method and mathematical analysis of the data. J. Cell Biol. 71:
172-181.
Galbraith, P. R., and H. T. Abu-Zahra. 1972. Granulopoiesis in chronic
granulocytic leukemia. Br. J. Haematol. 22:137-143.
Harris, A. G., and T. C. Skalak. 1993. Leukocyte cytoskeletal structure
determines capillary plugging and network resistance. Am. J. Physiol.
265:H1670-H1675.
Hochmuth, R. M., H. P. Ting-Beall, B. B. Beaty, D. Needham, and R.
Tran-Son-Tay. 1993. Viscosity of passive human neutrophils undergo-
ing small deformations. Biophys. J. 64:1596-1601.
Keng, P. C., C. K. Li, and K. T. Wheeler. 1980. Synchronization of 9L rat
brain tumor cells by centrifugal elutriation. Cell Biophys. 2:191-206.
Killmann, S. A., E. P. Cronkite, J. S. Robertson, T. M. Fliedner, and V. P.
Bond. 1963. Estimation of phases of the life cycle of leukemic cells from
labeling in human beings in vivo with tritiated thymidine. Lab. Invest.
12:671-684.
Leger, I., F. Giroud, and G. Brugal. 1990. Quantitative analysis of cy-
toskeletal proteins throughout the cell cycle of the MRC-5 fibroblastic
cell line. Anal. Quant. Cytol. Histol. 12:321-326.
Lichtman, M. A. 1984. The relationship of excessive white cell accumu-
lation to vascular insufficiency in patients with leukemia. In White Cell
Mechanics: Basic Science and Clinical Aspects. H. J. Meiselman, M. A.
Lichtman, and P. L. LaCelle, editors. Alan R. Liss, New York. 295-306.
Lichtman, M. A., J. K. Chamberlain, R. I. Weed, A. Pincus, and P. A.
Santillo. 1977. The regulation of the release of granulocytes from normal
marrow. Prog. Clin. Bio. Res. 13:53-75.
Lichtman, M. A., and E. A. Kearney. 1976. The filterability of normal and
leukemic human leukocytes. Blood Cells. 2:491-506.
Lichtman, M. A., C. H. Packman, and L. S. Constine. 1989. Molecular and
cellular traffic across the marrow sinuses. In Handbook of the Hemo-
poietic Microenvironment. M. Tavassoli, editor. The Humana Press,
Clifton, NJ. 87-140.
Lichtman, M. A., and J. M. Rowe. 1982. Hyperleukocytic leukemias:
rheological, clinical, and therapeutic considerations. Blood. 60:279-283.
Mauer, A. M., and T. Jarrold. 1963. Granulocyte kinetic studies in patients
with proliferative disorders of the bone marrow. Blood. 22:127-138.
Needham, D., H. P. Ting-Beall, and R. Tran-Son-Tay. 1991. A physical
characterization of GAP A3 hybridoma cells: morphology, geometry,
and mechanical properties. Biotechnol. Bioeng. 38:838-852.
Palis, J., B. King, and P. Keng. 1988. Separation of spontaneously differ-
entiating and cell cycle-specific populations of HL-60 cells. Leuk. Res.
12:339-344.
Stryckmans, P. A., L. Debusscher, E. Ronge-Collard, J. Manaster, and G.
Delalieux. 1977. Factors influencing the release of leukemic blast cells
from the marrow into the blood in human acute leukemia. Leuk. Res.
1:133-139.
Tsai, M. A., R. S. Frank, and R. E. Waugh. 1993. Passive mechanical
behavior of human neutrophils: power-law fluid. Biophys. J. 65:
2078-2088.
Tsai, M. A., R. S. Frank, and R. E. Waugh. 1994. Passive mechanical
behavior of human neutrophils: effect of cytochalasin B. Biophys. J.
66:2166-2172.
Worthen, G. S., B. Schwab, E. L. Elson, and G. P. Downey. 1989.
Mechanics of stimulated neutrophils: cell stiffening induces retention in
capillaries. Science. 245:183-186.
